Embryonic mortality during the implantation period strongly affects litter size in pigs. To analyze the differentially expressed genes (DEGs) in the endometrium during implantation and further to identify candidate genes for litter size, tissues of endometrial attachment sites and intersites were collected from nine pregnant sows on Days 13, 18, and 24 of pregnancy. Endometrium tissue was also collected from another three nonpregnant sows. Samples were hybridized to the porcine Agilent GeneChip microarray. The analysis of gene expression patterns over the implantation period revealed 858 DEGs at endometrial attachment sites. Comparisons of the gene files of attachment sites and intersites revealed 12, 51, and 89 DEGs on Days 13, 18, and 24 of pregnancy, respectively. Annotated function was used to identify overrepresented genetic processes, and several biological processes were considered as the most enriched. Genes related to vascular development, proteolysis, RNA metabolism and translation, protein modification, immune response, and hormone-related are discussed in detail. Then we combined microarray technology and linkage analysis to select powerful candidate genes for quantitative trait loci affecting pig litter size. Eighty-seven DEGs were located in quantitative trait loci related to litter size, that is, total number born and number born alive. Those candidate genes were thought to affect litter size by influencing embryonic implantation. Furthermore, single nucleotide polymorphism of VEGFA was shown to be associated with litter size in pigs. This study identified candidate genes for litter size that were related to embryonic implantation and could be a resource for target studies of genetic markers for litter size in pigs.
INTRODUCTION
Most reproductive traits are complex in terms of their genetic architecture [1] . As one of the most important economic traits in pig production, litter size is a quantitative trait with low heritability (h 2 , 0.1-0.15) [2] . In addition, the expression of litter size cannot be measured until the age of sexual maturity. However, these biological constraints can be potentially ameliorated by a better knowledge of the genetic regulation of litter size [3] .
With the development of high-throughput technologies for large-scale expression studies, the analysis of gene expression on a global scale has become feasible. Microarray technology allows us to identify genes involved in a particular biological process and cluster them based on closely related expression profiles [4] .
Litter size is affected by the ovulation rate, fertilization rate, embryonic mortality, uterus volume, and placental efficiency. Increasing the number of ovulated follicles is the basis of improved litter size. The ovulation rate responds to direct selection in pigs, but the returns in terms of improved litter size have been minimal [5, 6] . Moreover, the ovulation rate is negatively correlated with embryonic mortality (À0.56) [7] . The rate of fertilization is generally greater than 95%. Therefore, the loss of potential piglets is predominately the result of early embryonic (Days 10-30) death and fetal (Days 31-70) death [8] . Porcine embryos begin to attach to the endometrium on Days 13 and 14 of gestation, and attachment is completed on Days 18 to 24 of gestation [9] . Implantation is a sensitive period for embryonic mortality. During the firstphase of implantation, embryonic mortality can reach 22%, representing the major period of embryonic mortality [10] . Embryonic mortality is 17% on Day 18 of gestation, and up to 30% on Day 25 of gestation [11, 12] . Meishan pigs demonstrate high prolificacy. On Day 30 of gestation, embryonic mortality of Meishan pigs was lower (21%) than that of Large Whites (45%) (P , 0.01) [13] . For the above reasons, we have chosen the 13th, 18th, and 24th day of pregnancy to analyze gene expression patterns at different stages of implantation. We expect that these differences in gene expression patterns to help identify candidate genes that contribute to differences in litter size. There have been some expression studies carried out in pigs looking at changes in endometria [14] [15] [16] [17] [18] , ovaries [3] , and placentas [19] , and genes differently expressed at one stage of pregnancy have been identified. Furthermore, important biological processes and pathways were identified. However, successive gene expression patterns over the implantation period are poorly understood. In this study, we examine the gene expression profiles in porcine endometria on Days 13, 18 , and 24 of gestation using cDNA arrays and identify genes that are differentially expressed on these three days. Furthermore, we combine microarray technology and linkage analysis to select powerful candidate genes for quantitative trait loci (QTLs) that could affect pig litter size. Those candidate genes are thought to affect litter size by influencing embryonic implantation. Next, association analysis between genotypes and phenotypes (litter size) in large populations can reveal how those genes would be used as genetic markers to improve litter size in pigs.
MATERIALS AND METHODS

Animal Materials
The Animal Care and Use Committee of China Agricultural University reviewed and approved the experimental protocol used in this study (Code: SYXK [Jing] 2009-0030). Multiparous Large White sows (fifth parity) were observed daily for standing heat in the presence of a boar. The sows of the pregnant group were inseminated twice, 12 and 24 h after heat detection [14] . The sows of the nonpregnant group were treated with inactivated sperm from the same boar [14] . Nine pregnant sows were slaughtered by electrocution on Days 13, 18 , and 24 after insemination (the pregnant group, three sows every period). The nonpregnant sows were slaughtered on Day 13 after insemination. For the pregnant sows, samples of the endometrium attachment sites and intersites were taken. Samples were taken from three locations of each uterine horn: proximal (the end, close to the ovaries), medial, and distal (next to the corpus uteri) [14] . Samples from the endometrium of the nonpregnant sows were taken from comparable locations. Endometrial tissue sampling was carried out according to the procedure of Lord et al. [20] with minor modifications. All the samples were collected immediately, snap frozen in liquid nitrogen, and stored at À808C. Animals used to identify candidate genes for litter size were from Beijing Huadu Swine Breeding Company LTD. Rearing and feeding conditions were the same for all the sows. Ear tissue samples of 574 Large White, Landrace, and Duroc sows were collected in centrifuge tubes (1.5 ml) with 70% ethanol and stored at 48C until DNA extraction. DNA was extracted by phenol:chloroform (1:1) extraction. There were eight sire families in Large White, eight sire families in Landrace, and seven sire families in Duroc. A total of 1211 litter records were used for statistical analysis. Litter size records such as the total number born (TNB) and number born alive (NBA) were recorded by parity.
RNA Isolation
Trizol reagent (Invitrogen) was used to extract total RNA, according to the manufacturer's instructions. The quality of the samples was assessed using an Agilent Bioanalyzer 2100 (Agilent Technologies). The RNA integrity number values obtained were in the range of 7.0-9.0, which assured the homogeneity and high quality of the samples. For each animal, total RNA consisted of a mix of an equal quantity of total RNA from three locations of each uterine horn: proximal (the end, close to the ovaries), medial, and distal (next to the corpus uteri).
Agilent Porcine Microarray Study
The RNA was further purified using RNeasy mini kit (74106; Qiagen), RNeasy micro kit (74004; Qiagen), and RNase-Free DNase Set (79254; Qiagen) according to the manufacturer's instructions. The RNA was amplified and labeled using Low Input Quik Amp Labeling Kit, One-Color (5190-2305, Agilent technologies). Labeled cRNA were purified by RNeasy mini kit (74106; Qiagen). The RNA was then hybridized to the Agilent Whole Porcine Genome Microarray (4344K, 026440; Agilent) using an Agilent Gene Expression Hybridization Kit (5188-5242; Agilent) as recommended by the manufacturer. Following microarray hybridization and washing, the processed slides were scanned with an Agilent DNA microarray scanner (G2565CA; Agilent).
Microarray Data Analysis and Statistical Analysis
The raw gene expression data were extracted from Agilent Feature Extraction Software (version 10.7) and imported into Agilent GeneSpring GX software (version 11.0) for further analysis. The microarray data from the 21 samples were normalized in GeneSpring GX using the Agilent Feature Extraction one-color scenario. All of the data were interpreted using the logratio setting. Two independent analyses were applied to identify genes that were significantly different. First, the GeneSpring pairwise comparison (Welch t-test with ANOVA, P , 0.05) was conducted between all the possible stages. The criteria for significance of the differentially expressed genes (DEGs) was established as a fold change (FC) . 2 with an adjusted P , 0.05. Second, a one-way ANOVA for microarrays (default parameters: false discovery rate [FDR] , 0.1, P , 0.05) was also conducted to analyze gene expression patterns at attachment sites or intersites over implantation time. Clustering of gene expression profiles over implantation time was also performed with the self-organizing maps (SOMs) based on the result of one-way ANOVA (FDR , 0.1, P , 0.05). To compare gene expression profiles between different implantation times and between attachment sites and intersites, principalcomponent analysis (PCA) and unsupervised hierarchical clustering was performed. In unsupervised hierarchical clustering, the Euclidean distance was used to measure the degree of similarity between the expression profiles of the samples [21] . All the microarray data are available through the GEO database with accession number GSE51970.
Functional annotation of the obtained DEGs. Enrichment analysis was carried out using the database for annotation, visualization, and integrated discovery (DAVID) [22, 23] . However, not all DEGs were used in the functional annotation because some of them lacked sufficient biological annotation. The pig functional annotation database is not as complete as the human functional annotation database; generally, only about 33% of pig gene identifications (IDs) could be annotated. Comparably, human functional annotation database allows more than 80% of gene IDs to be functionally annotated. Therefore, we converted the pig gene IDs (National Center for Biotechnology Information [NCBI] database Sus scrofa 10.2) into human gene IDs using the Ensembl BioMart program (http://asia.ensembl.org/index.html) by homology screening. Then the homologous human Ensembl IDs were submitted to DAVID database for functional annotation.
Integrated analysis of the different functional database was done using the functional annotation chart and functional annotation clustering tools of DAVID database. In DAVID analysis, GO_BP_FAT (gene ontology_biolog-ical processes_functional annotation terms) terms and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways were selected [24] . Functional annotation was also used to illustrate the representation of functional categories in individual SOM expression clusters.
Real-Time Quantitative PCR
To confirm the microarray results, the expression of eight genes was validated by RT-PCR using the same 21 porcine endometrium samples used for the microarrays. For each sample, first-strand cDNA was synthesized using 1 lg of total RNA. An M-MLV FIRST STRAND KIT (Invitrogen) and an oligo (dT)18 primer were used in a reverse transcription reaction of 20 ll, following the supplier's instructions (see Supplemental Table S1 ; Supplemental Data are available online at www.biolreprod.org). All the PCR fragments were analyzed on an AlphaImager system to check amplification of a single product. The amplifications were sequenced to verify the obtained PCR product. Transcript quantification was performed using SYBR Green mix (Roche Diagnostics GmbH, Roche Applied Science) in a Roche LightCylcer 480. PCR efficiency of each gene was estimated by standard curve calculation using four points of cDNA serial dilutions. Ct values were quantified using the comparative Ct method, setting the relative quantities of nonpregnant group for each gene to 1 (quantity ¼ 10
ÀDCt /slope). Data normalization was carried out using GAPDH as the reference gene. Data were analyzed with SAS 8.02 software. ANOVA was used to compare the time sequence events in endometrium attachment sites and intersites. Then the Welch t-test was used to compare differences between attachment sites and intersites. The correlation between the result of microarray and RT-PCR was calculated using a correlation test [3] .
Chromosomal Localization of DEGs in QTLs for Litter Size
The localization of the DEGs (FC . 2, P , 0.05) on porcine chromosomes was accessed from the NCBI database. Each gene location was estimated in centimorgans and was compared with the location of significant QTLs for TNB and NBA (http://www.animalgenome.org/cgi-bin/QTLdb/SS/ index) [25] [26] [27] [28] . The QTL was extended by 5 Mb on either side. Genes located within QTL confidence intervals have been accepted as candidate genes for litter size.
Detection of Single Nucleotide Polymorphisms of the DEG VEGFA and Association Analysis VEGFA was selected to be the candidate gene for litter size based on its biological functions on embryonic implantation and its positions within the intervals of QTLs. Polymerase chain reaction single-strand conformation polymorphism (PCR-SSCP) was used to identify its mutations. In PCR-SSCP analysis, the target sequence in genomic DNA or cDNA is simultaneously amplified and labeled by using radioactive-labeled primers or nucleotides. The amplified product is then denatured to a single-strand form and subjected to nondenaturing polyacrylamide gel electrophoresis. Bands of the single-stranded DNA at different positions in the autoradiogram indicate the presence of mutations [29] . Genomic DNA was extracted by the standard phenol:chloroform (1:1) extraction method. The primer sequences used for PCR were shown in Supplemental Table S2 . The genomic DNA samples were used as templates to individually and specifically amplify these regions. Amplifications were carried out on an Eppendorf Mastercycler gradient 5331 PCR System (Eppendorf). The PCR amplification was performed using 50-100 ng of genomic DNA and 12.5 ll of 23Taq PCR MasterMix (0.05 units/ll Taq DNA polymerase; 4 mM/ll MgCl2; and 0.4 mM/ll dNTPs) for 5 pM of each primer CHEN ET AL. in a 25 ll final volume (the reagents all came from the National Laboratories for Agrobiotechnology, China Agricultural University). The PCR amplification was performed under the following conditions: a denaturation step at 958C for 5 min, 30 cycles at 958C for 30 sec, 628C at P1 (see below in Results) for 30 sec, 648C at P2 (see below in Results) for 30 sec, and 728C for 15 sec, and a final extension step of 728C for 7 min. The mixture, which included 5 ll of the PCR product and 10 ll of the loading buffer, was denatured for 10 min at 988C and then cooled on ice for 10 min. Polymorphisms were detected by PCR-SSCP in 10% polyacrylamide gel electrophoresis (110 V, 25 mA, 15 h). After migration, the gels were stained with 0.1% silver nitrate and visualized with 2% NaOH solution (supplied with 0.1% formaldehyde) according to Zhang et al. [30] .
Fragments displaying different PCR-SSCP patterns were purified with Qiaquick spin columns (Qiagen) and sequenced on both strands with the primers used for the PCR-SSCP analysis, the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) according to the manufacturer's instructions. Electrophoresis was carried out with an automated DNA sequencer (ABI Prism3730 Genetic Analyser; Applied Biosystems). Followup sequencing of all the different genotypes confirmed that they indeed differed by one or more mutations; while on the other hand, sequencing of up to three samples containing identical genotypes confirmed that they displayed strictly identical sequences. 
GENE EXPRESSION IN UTERINE TISSUE OF PREGNANT SOWS
The genotype frequencies for each herd were calculated directly after SSCP. Hardy-Weinberg equilibrium (HWE) in the studied herds was tested by comparing expected and observed genotype frequencies using a chi-square test. The GLM procedure of SAS 8.02 software was used to compute the leastsquare means of TNB and NBA. After analyzing, the effect of sire and dam on litter size was not significant, so the linear model was established to analyze the genotype effects of VEGFA.
where Y ijkl is the traits of TNB and NBA, l is the overall mean, HYS i is the effect of herd-year-season (i ¼ 1 to 52), P j is the effect of parity (j ¼ 1, 2, and !3), G k is the effect of genotype (k ¼ 1 to 3), and e ijkl is the random residual. The data were analyzed separately for the first parity, the second parity, the third and following parities, and all the parities. The additive effect and the dominant effect were calculated according to the methods of Rothschild et al. [31] .
RESULTS
Unsupervised Hierarchical Clustering of All Samples
Similar within-stage and different between-stage expression patterns were supported by PCA (Fig. 1) . Interestingly, samples of attachment sites were clustered together. But samples of intersites were not clustered together. Unsupervised hierarchical clustering was performed based on the target values of the DEGs from the pregnant versus nonpregnant sows at each time point (see Supplemental Fig. S1 ). The dendrogram showed the relationships between the expression levels of the samples. The difference between the attachment sites and intersites was significant. Both the attachment sites and the intersites displayed variation at different implantation periods. These data further demonstrated that the changes in the CHEN ET AL. endometrium at the gene expression level occurred in a timedependent manner during gestation.
Integrated Analysis of DEGs in the Endometrium During Embryonic Implantation
Statistically significant expression differences between any two groups were compared. The numbers of DEGs (FC . 2, P , 0.05) are shown in Figure 2 . In the endometrial attachment sites and intersites, the differences between different implan- Table S9 . To find specific overrepresented functional terms for upand down-regulated genes, a comparative GO analysis was performed (Table 1 and Supplemental Table S3 -S7). The predominant group of functional terms specific for genes with higher expression in Day 13 endometrial attachment sites was related to steroid metabolic and biosynthetic process as well as oxidation reduction (Table 1 and Supplemental Table S3 ). Categories related to cell proliferation and cell adhesion were found as specific for down-regulated genes in Day 13 endometrial attachment sites (Table 1 and Supplemental Table  S3 ).
GENE EXPRESSION IN UTERINE TISSUE OF PREGNANT SOWS
In Day 18 endometrial attachment sites, some immune function categories and categories related to antigen processing and presentation were found as specific for up-regulated genes (Table 1 and Supplemental Table S4 ). In addition, categories related to sex differentiation and fertilization were found as specific for down-regulated genes. In Day 18 endometrial intersites, categories related to response to peptide hormone stimulus was found as specific for up-regulated genes (Table 1  and Supplemental Table S4 ). In addition, the category related to steroid hormone receptor-signaling pathway was found as specific for down-regulated genes.
The predominant group of functional terms specific for genes with higher expression in Day 24 endometrial attachment sites were related to homeostatic process, response to wounding, and response to hormone stimulus (Table 1 and  Supplemental Table S5 ). Categories related to transcription and RNA metabolic process were found as specific for downregulated genes in Day 24 endometrial intersites (Table 1 and  Supplemental Table S5 ).
Analysis of Gene Expression Patterns over Implantation Time
A dynamic analysis of gene expression for Days 13, 18, and 24 of implantation and the nonpregnant stage was performed for those genes with significant differences between different implantation times. The results of ANOVA analysis (FDR , 0.1, P , 0.05) (see Supplemental Table S8 ) revealed 858 DEGs at endometrial attachment sites. The result was used for SOM clustering. This analysis revealed 12 clusters of similar expression profiles over the attachment site samples from nonpregnant stage and Days 13, 18, and 24 of pregnancy ( Fig.  3 and Supplemental Table S9 ). Particularly, clusters 8-10 contained genes obviously up-regulated over implantation time. The ANOVA analysis of intersites over implantation time revealed few genes differently expressed (FDR , 0.1, P , 0.05) (less than 5), so the result of this part was removed from our analysis.
Next, a DAVID functional annotation clustering analysis was performed for the individual SOM clusters (Table 2) . Strong enrichment of functions related to response to stimulus and immune response was found for genes contained in cluster 8. Overrepresented functional terms of cluster 9 were steroid hormone biosynthesis and transmembrane transport. Highly overrepresented terms for cluster 10 were related to steroid hormone biosynthesis and regulation of hormone levels. Overrepresented functional terms of clusters 0-7 and cluster 
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Functional Analysis of DEGs Between Attachment Sites and Intersites
As the number of DEGs was small, there were no significant GO BP terms enriched in the DEGs list of attachment sites versus intersites on Day 13 of pregnancy. The enriched GO terms on Day 18 could be roughly grouped into one cluster: cell proliferation (see Supplemental Table S10 ). Overrepresented GO terms at Day 24 could be mainly grouped into two clusters: steroid biosynthetic and metabolic process and immune response (see Supplemental Table S10 ).
Quantitative RT-PCR Validation of Microarray Results
To validate the microarray results, quantitative RT-PCR was used to test the expression of eight genes. The results are shown in Table 3 . RT-PCR showed that all eight genes were differentially expressed at the three time points of implantation. The results obtained from the microarray were statistically confirmed at .85% correlation for the genes tested by RT-PCR. In every case, the relative gene expression FC was in the same direction as the microarray data and always had a higher magnitude by RT-PCR than by microarray technology.
Chromosomal Localization of DEGs in QTL for Litter Size
The other approach of our study was to combine microarray technology and linkage analyses to select powerful candidate genes for QTLs affecting pig litter size, as DEGs located in a QTL are obvious cis-acting positional candidate genes for the QTL [3, 32] . The most recent draft of the porcine genome (S. scrofa 10.2) and the QTL database (http://www.animalgenome. org/cgi-bin/QTLdb/SS/index) were used [25] [26] [27] [28] . The temporal gene expression profiles of implantation (FC . 2, P , 0.05) and the different sites gene expression profiles (FC . 2, P , 0.05) were studied. Genes that were located within a QTL (a region extended by 5 Mb either side of the QTL) were accepted as candidate genes. We identified 87 candidate genes for TNB and NBA (Table 4 and Supplemental Table S11 ) located in nine out of the 18 porcine autosomes. Two of them were among the ones tested by RT-PCR (LIF and VEGFA).
VEGFA as the Candidate Gene for Litter Size
VEGFA was selected to be the candidate gene for litter size based on its biological functions during embryonic implantation and its positions within the intervals of the QTLs. VEGFA A/G at 191 bp (P1 locus) and C/T at 103 bp (P2 locus) mutations in the 5 0 -regulation domain were genotyped by PCR-SSCP method. The representative SNP-sequencing output for genotypes is shown in Figure 4 . The genotype frequencies and allele frequency at each polymorphic locus in Large White, Landrace, and Duroc are shown in Table 5 . At the P1 locus, the genotype frequencies of AA and AG in Large White were 0.91 and 0.09, 0.91 and 0.09 in Landrace, and 0.85 and 0.15 in Duroc. All three breeds were found to be in HWE. At the P2 locus, the genotype frequencies of TT, TC, and CC in Large White were 0.79, 0.19 and 0.02, respectively,0.81, 0.16, and 0.03, respectively, in Landrace, and 0.84, 0.16, and 0, respectively, in Duroc. All three breeds were found to be in HWE.
The data for TNB and NBA were observed for first, second, third and the following parities and all parities. The leastsquare means in Large White, Landrace, and Duroc are shown CHEN ET AL.
in Table 6 (P1 locus) and Table 7 (P2 locus). At the P1 locus, in Landrace in third and the following parities, the TNB and NBA of AG were 0.57 and 0.56 piglets higher than those of genotype AA, respectively, but not statistically significant. In Large White in the first parity, TNB and NBA were significantly increased for AG genotype with 1.34 (P , 0.05) and 1.44 (P , 0.05) piglets in comparison with the AA genotype, respectively. In Duroc in the second parity and all parities, NBA of AA were 2.59 (P , 0.05) and 0.79 (P , 0.01) piglets higher than those of genotype AG, respectively. The sows with the AG and AA genotypes had the following trend for TNB and NBA: AG . AA (P ,0.05 or P ,0.01).
At the P2 locus, in Landrace in the first parity, sows with the genotype of TT had an advantage of 2.24 (P , 0.05) for TNB per litter over the CC genotype sows. In all parities, TNB of TC was 1.5 (P , 0.05) piglets higher than that of genotype CC. In Duroc in the third and the following parities, NBA of TC was 1.84 (P , 0.05) higher than that of genotype TT. In all parities, TNB and NBA were significantly increased for TC genotype with 0.84 (P , 0.05) and 0.84 (P , 0.05) piglets in comparison with the TT genotype, respectively. The sows with the TT, TC, and CC genotypes had the following trend for TNB and NBA: TC . TT . CC (P , 0.05).
DISCUSSION
In the present study, we successfully identified temporal gene expression profiles over implantation time and gene expression profiles of different sites of implantation. However, successful embryonic implantation is dependent on complex molecular mechanisms.
Genes Associated with Vascular Development and Proteolysis
The porcine embryos appose and subsequently attach to the uterine luminal epithelium on Days 13 and 14 of gestation [33] . A pronounced vascularization in the endometrium is evident already from Day 13 of gestation [34, 35] . In the functional analysis, the SOM result showed that cluster 1 contained many 
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genes involved in vascular development. For example, vascular endothelial growth factor (VEGFA), angiopoietin 2 (ANGPT2), heart and neural crest derivatives expressed 1 (HAND1) and HAND2. HAND2 was considered as an aid to support the implantation window because HAND2 transmits the progesterone signals to stromal cells [36] . This triggers a signaling cascade that blocks estrogen receptor (ESR) signaling in uterine epithelial cells, thereby creating an epithelium that is receptive for embryo implantation [36] . The results also indicated that genes involved in blood vessel development were highly expressed in the attachment sites, an area where blood vessels are more abundant. This agrees with previous studies in pig that vascular development is essential for successful embryonic implantation, the formation of the placenta, and fetal development [3, 37] . A recent study by Samborski et al. revealed that there was a complex process network between vascular remodeling and proteolysis during the preimplantation phase [14, 16] . In the present study, the functional category regulation of proteolysis was significantly overrepresented for the genes with increased expression level on Day 24 of pregnancy (SOM cluster 8). Most prominent DEGs were members of the matrix metallopeptidase family (MMP1, MMP7, MMP11, MMP15, and MMP25) and TIMP metallopeptidase inhibitor family (TIMP1, TIMP2). These genes showed an upward expression tendency during pregnancy, which was accordance with the vascular development-related genes.
Immune Response-Related Genes
The functional category immune response was highly overrepresented for genes specifically up-regulated in endometrial attachment sites on Days 18 and 24 of pregnancy (Table 1) . Furthermore, the SOM result showed genes of cluster 8-10 contained many immune response-related genes. This agrees with many studies of pig implantation and pig reproductive performance [3, 14, 16] . A study showed that sows with lower immune system activation are less prone to maternal-fetal rejection, resulting in a more successful implantation rate [3] . In the present study, genes of SOM clusters 8-10 and up-regulated files at Day 18 contained many genes participating in the immune process with increased expression during pregnancy, for example, CD180 molecule (CD180), CD274, major histocompatibility complex, class II, DO alpha (HLA-DOA), HLA-DRA, and HLA-DQA. Many genes of the interleukin family, integrin family and the chemokine family were detected, including interleukin 4 (IL4), IL7, IL8, IL13, and IL21, chemokine (C-C motif) ligand 27 (CCL27), chemokine (C-X-C motif) ligand (CXCL2), and CXCL12. Two genes, leukemia inhibitory factor (LIF) and secreted phosphoprotein 1 (SPP1), were detected in the immune response process, and both LIF and SPP1 are known as candidate genes of litter size in pigs. In addition, the enrichment of functional categories positive regulation of response to stimulus, response to wounding, and antigen processing and presentation can also be included within immune processes in the endometrial attachment sites on Day 18 of pregnancy. The study of Samborski et al. showed that pregnancy-induced immune cell infiltration begins as early as Day 12 of pregnancy [16] . The present study indicates that the immune system activation was strongest at Day 18 of pregnancy. Furthermore, the immune-related processes were only enriched with genes differently expressed in endometrial attachment sites. This indicates that the immune system selfregulates to prevent fetal rejection, resulting in a more successful implantation.
Hormone-Related Genes
The implantation process is regulated by many kinds of hormones that affect fetal development and alter maternal physiology to support gestation [37] . From the uterus receiving the fertilized embryo and providing the right environment for implantation of the embryo to subsequent placentation, each step requires hormones. In the present study, genes of SOM clusters 8-10 and up-regulated files at Days 13, 18, and 24 contained many hormone related genes. These genes show an upward expression tendency during pregnancy, which agrees with the result of Fernandez-Rodriguez et al. [3] . Examples include ADAM metallopeptidase domain 9 (ADAM9), Indian hedgehog (IHH), bone morphogenetic protein 2 (BMP2), transforming growth factor, beta 3 (TGFB3). Many genes of the cytochrome P450 subfamily were detected differently expressed in clusters 9 and 10, such as CYP17A1, CYP19A1, CYP19A3, CYP11A1, and CYP26A1. An overrepresented pathway, metabolism of xenobiotics by cytochrome P450 (7.8 3 10 À4 ), was enriched in clusters 9 and 10. Genes of the cytochrome P450 subfamily encode enzymes catalyzing many reactions involved in the synthesis of cholesterol, steroids, and other lipids, such as progesterone. The level of progesterone is statistically significantly higher during pregnancy. So metabolism by cytochrome P450 plays an important role for progesterone synthesis during pregnancy. This indicates that the uterine environment undergoes a subtle change in hormone regulation during implantation.
Other biological processes were also enriched, including cell proliferation, oxidation reduction, homeostasis regulation, and sexual reproduction. These processes interact with one another and are coordinated and indispensable for successful implantation.
Analysis of DEGs with Known or Suspected Roles in Embryonic Implantation
Gene function analysis revealed a number of DEGs that have known or suspected roles in embryonic implantation. Genes with known roles in embryonic implantation or litter size included SPP1, MUC1, VEGFA, LIF, ESR, progesterone CHEN ET AL. Table 8) . Genes such as VEGFA, LIF, RBP4, and RARG, which promoted implantation, were all up-regulated during the implantation period and reached their highest levels in the endometrial attachment sites at Day 24 of pregnancy. The expression of VEGFA and RBP4 were always higher in the endometrial attachment sites than in the intersites. The expression levels of GNRHR and EGF were highest at Day 13 of implantation and then decreased gradually. The expression level of MUC1 was down-regulated at Day 18 of pregnancy, which may be related with its inhibitory action on implantation. However, other genes in the mucin family did not show the same expression pattern, such as MUC13. The MUC13 expression level was very high (P , 0.01) and increased over time in the endometrial attachment sites and intersites. However, studies on the effect of MUC13 on implantation are not available. Further studies are required for the gene families with known roles in embryonic implantation.
Comparison with Other Implantation Results
The porcine endometrial transcriptome during early pregnancy has been extensively studied. Samborski et al. used RNA-Seq to identify gene expression in the porcine endometrium on Days 12 and 14 of pregnancy [14, 16] . We compared the gene file on Day 13 in the present study with the gene files on Days 12 and 14 in Samborski et al.'s result [14, 16] . There were 375 Ssc Entrez Gene IDs both detected on Days 12 and 13 (see Supplemental Table S12 ). Because the gene list was small, there were no GO terms enriched. There were 232 Ssc Entrez Gene IDs both detected on Days 13 and 14. The main biological processes enriched were immune response (see Supplemental Table S13 ). Erhualian pigs, a Chinese Taihu pig breed, are known to have the largest recorded litter size in the world [15] . Studies have demonstrated that Taihu sows exhibit a strong maternal effect and that their large litter sizes are mainly caused by maternal genes [15] . These observations confirmed that immune suppression regulation plays an important role in maintaining a successful pregnancy, especially in the early stages of implantation.
Genes Colocalized in QTL for Litter Size
The DEGs were located on the pig genome available at the NCBI database (S. scrofa 10.2) and the results were linked to significant published QTLs (http://www.animalgenome.org/ cgi-bin/QTLdb/SS/index). However, linking QTLs is quite challenging because the genome of the target species has not been fully sequenced. The porcine genome (S. scrofa 10.2) is still partial and contains numerous gaps. We extended the QTL, for TNB and NBA, to 5 Mb on either side of the QTL. Thus, 87 genes were identified that colocalized in QTLs for litter size, including 41 genes for NBA, 17 genes for TNB, and 29 genes for TNB and NBA. These genes were mostly involved in blood vessel development, nutrient transportation, and tissue or organ development processes. One gene has been previously associated with prolificacy traits (LIF) [38, 39] . Some genes, such as ANGPT2 and VEGFA, have been enriched in important processes to implantation. Numerous genes in the solute carrier family, such as SLC27A1, SLC2A4, SLC5A1, SLC5A4, SLC5A5, and SLC7A9, are all located in the TNB or NBA regions. These genes were detected as differentially expressed and involved in nutrient transportation process. Moreover, SLC16A3 was previously identified as being associated with litter size traits (TNB) [40] . However, other genes identified in the present study have not been previously related with prolificacy (e.g., EIF4A1) or have unknown function (e.g., LOC100134955). A complex network of interacting genes regulates litter size. The information obtained from the expression analysis together with the QTL analyses will be useful for identifying candidate genes for litter size. The DEGs elsewhere in the genome that share pathways with genes in the QTL may have downstream effects on the QTL [3] . Thus, studying the genes that interacted with the QTL genes was also important to identify candidate genes affecting litter size. Further studies will involve fine mapping of these candidate genes and identifying polymorphisms that may be related to the litter size of pigs. 
The Variations of VEGFA and Its Association with Litter Size
Marker-assisted selection in conjunction with tradition selection methods is most effective for traits such as litter size, which are either expressed later in life, are sex-dependent, or are of low heritability [41] . The candidate gene approach has led to notable success in demonstrating reproduction-related genetic markers or major genes, such as ESR, PRLR, the erythropoietin receptor (EPOR), and so on [31, [42] [43] [44] . Differently expressed genes or transcripts that fulfill one of several criteria-having a chromosomal location containing a QTL, being found in a tissue of interest involved in regulating the expression of a specific quantitative trait, and being important in a critical development stage responsible for differences in a specific quantitative trait-can be evaluated as potential candidate genes for litter size in pigs [24] .
In the present study, we selected the DEG VEGFA as the candidate gene for litter size in pigs due to its chromosomal location and biological function. Two mutations were genotyped in Landrace, Large White, and Duroc populations. The results showed that at the P1 locus, AG genotype was the favorable genotype. At the P2 locus, the T allele was a favorable allele to increase litter size and TC was a favorable genotype. Because the mutations were located in the 5 0 -regulation domain, the mutations may regulate the expression of VEGFA in the target tissues. The effect of VEGFA on litter size is possibly associated with its expression in endometrium during embryonic implantation.
In the present study, gene expression profiles of the time course of implantation and of the different sites of implantation were evaluated and compared. Candidate genes for litter size were obtained. Polymorphism of VEGFA, one of the candidate genes, was significantly associated with litter size in pigs. Further studies should be investigated in association analysis of other candidate genes to find their effect on litter size as genetic markers.
